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AN ANALYTICAL AND EXPERIMENTAL STUDY OF THE EFFECT OF PERIODIC
BLADE TWIST ON THE THRUST, TORQUE, AND FLAPPING

MOTION OF AN AUTOGIRO ROTOR
By JOHN B.WEEATLFJY

SUMMAKY

& anulyti is made of the @?uenee on atiogiro rotor
churacterieth oj a periodic bladetwi.dthatvaritx with the
azimuthposition oj the rotor bludeand the rewk% are cOm-
pared &h experimental data The anulyti tmprwm
the injh.wce oj thti type of twist upon the thrust, torque,
andjilzpping motion oj the rotor. The check against ez-
perimenial data shows that the pm”odic twist has a pro-
nwmzd in.uence on the j?apping motion and that thti
injlwnce is accurately predicted by tlu analysis. The
injlwnce oj the twid upon the thrust and torque COU.Mbe
oknwutrcded only indirectly, but it~ importance is indi-
ca[ed,

INTRODUCTION

The resultant of the air forces and the mass reactions
on an rmtogiro rotor blade produces a couple tending
to twist the blade unless the chordwise center of gravity
of the blade and the center of pressure of the air forces
are coincident. This fact has been known for some
time, but it has not been generally realized that, except
in particular cases, the resultant twist is periodic and is
rLfunction of the angular position of the blade in azi-
muth. The periodic twist may be of a magnitude com-
parable with or even exceeding the pitch setting of the
rotor, which demonstrates the necessity of including it
as rLfactor in the analysis of autogiro-rotor characteris-
tic,

It is the purpose of this paper to present an analysis
of the periodic twist and to support the validi@ of the
analysis by a comparison of predicted results with ex-
perimental information obtained from flight teds of rL
direct-control wingless autogiro. The scope of the
paper will be limited to a study of the influence of a
known periodic twist upon the thrust, flapping motion,
and torque of a rotor; the effect of such a twist upon
rotor vibrations and stability and the problem of pre-
dicting the twist will be treated in a subsequent report.

ANALYSIS

It has been experimentally shown in previously
unpublished data that, except in specisJ cases, the ah

forc~ acting on a rotor blade cause a twist of the blade
and a consequent change in the blade pitch angle.
The twist is not constant but is a function of blade
azimuth angle because of the variation of the air force
on the blade with this angle. In the follovzhg analysis
the basic equations expre@ng the rotor characteristics
will be generalized to include the factor of periodic
twist. The notation of reference 1will be used through-
out this paper except for minor changes; for con-
venience, the list of symbols is appended at the end of
this section.

The following additional notation is used:

r=xR (1)
dr=Rdx (2)

The problem is now the solution of the equations for the
autoafio rotor when the pitch angle o has the form

e=eo+z(?, +z%+ze, 00s #+m, sin ++322 Cos 2#
+X)7*sin 2*+ . . . (3)

where enand 7. are coefficients descriptive of 8.
It will be noted that an assumption is here made

concerning the distribution of the twist along the
radius; equation (3) shows that a linear distribution,
starting from zero at the blade hub, has been used.
Actually the twist reaches zero just outboard of the
verticil pin and is not, in general, absolutely linear
from there to the tip; the assumption used, howevar,
does not introduce a serious error and is considered
justified for its simplicity.

It is obvious that the expressions of reference 1 for
interference flow o, angle of attack a, blade flapping
angle /3, and the dynamic equation of flapping are un-
altered; they are

Cl&
u=- (4)

I
(5)

19=G-agos#-Jl ~ +–% cog 2$
—.. . . (6)

“(%+W’)=M”-M”(7)
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Using the notation of equdion (l), the velocity com
ponents nt the rotor blade me:

)d’+(i~+’d’)ms”+(–nz,+;h

+(+ )–’l% Sin’++;wh ~s 3*+&bl ~ 3* (9)

Also

UTG?+;P2+2PX sin ?L-;P2 Cos2+ (10]

(11;1 %cos4$+&&il14$–ZP -

The rotor thrust is calculated upon the assumption
that the elemental force on the blade lies in a plane
perpendicular to the blade-span axis and that the forw
depends only on the veloci~ in that plane; it is furtheI

assumed that up iBsmall compared with %, so that the
angle q between w and the resultant velocity (@+
u#)* may be equated to its sine and tangent. As an
approsimai% allowm.w for tip loss, it will be assumed
that the thrust becomes zero at a radius x=B where it

is arbitrarily assumed that B= 1—F&- Then

It ia further assumed that CLis a linear function of the
blade-element angle of attack a,, which is, of course,
accurate below the stall; then

CL=aa, (13)

ar=O+p (14)

Errom are introduced by the aswmption that
CL=aa,; however, a graphical evaluation of the thrust
made without this assumption and using a curve of CL
against a derived from wind-tunnel tests disclosed that

the error so introduced was negligible. Another error
in the thrust expression exists where w is negative;
this error can be approximately nullified by the follow-
ing correction. When UT is negative, the normal
expression for the blade-element angle of attack must
be altered to

ar’=—l)-p (16)

and equation (15) must be used in the part of the disk
bounded by x=–p sin # and z=O and by #=r and
I#=2T. The expression for the thrust is now, ofter
substituting for CL,d, and p=uP/w,

It has already been shown (reference 1) that an and
b=are of the order p“; it can sim.ikdy be shown that c“
and qx are of the order ~“.

The expression for thrust has been integrated upon
the assumption, which experience has shown to be
valid, that terms of higher order in ~ than the fourth
are negligible. This same assumption will be used
throughout the remainder of this analysis.

The change in thrust caused by twist is

(18)
The thrust moment M= is, from reference 1,

vhere the second integral is added to thrust moment
mly in the interval $=r to #=2ir. The integrated
mlue of MT is

.
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MT

I ( )
kP+0.080p3A+~0 lF+p2B’– ;P4&@R4= 3

( ) ( )
+0, ;B’+$L’F +&b@’+eo ;B5+&2P

1-+d+lw

+[$Pm–;P’k+;@a+ o.053P4eo+;M1B’

( )
–al ~BL&’ –;pbJY+&JF

(
+q, ;B’+~P21Y

)-$~B41sh*

(
+[–$acB’-0.035p4 ao+b, $Y+$2B’)

( )11
‘;W% ;B5+@’ +~pqp CO’#

+ [–&@’+&4% +$b,P–&B4+~PqB’

+m(;B’+&2@)-&@’)siu 2+

+{– o.053/13A–)MB’+&oo-&%P

+$uz@’+32B’-&@ –$T,B4

+e(;B5+:P2P)+~P~&]COS Z# (20)

Equation (7) can now be expanded into

~,fl’(@+3@ CO’2#+3b2 sin 24)=&f,-k& (21)

The coefficients of the flapping angle B can now be
obtained by substituting for MT in equation (21) and
equating the coefficients of similar trigonometric func-
tions; then, letting ~=c@4/11

4 ( )
1 ~~+0.080p3k+30 B4+PW’–;P4@=5 z

( ) ( )
+6 ;B’+$L’B’ +;p2b2B’+c, ‘:B6+;P2B’

I+:PVIB4-$P’QB’ –$ (22)

“=B*@-~p2)+00(%+0-10’p3)+’lB4

– ;bJY+cJY+;(;B6+ ;P2B’) –;qE] (23)

“=B*4D+0035”)+i@

(“ ‘B’+*’’BH’B41—~ 5 (24)

The expressions for U2and b, must be expanded in
powers of p before solution is possible; it will be
shown later that expansion to the order of @ is suf-
ficient to express the thrust, and torque to the order
of p’. To this order the equations for % and b, are

;b,+&.JF=P’
[

1 ‘“2 \ (25)1 blp+;#+___~J–&&’+3y

{
Iop+;:p–;o

~%—~b@=~2 –$W’—6 1

1~lB4+ ;;B——.
4/J 1

(26)

Equations (25) and (26) may be solved for u and
b’ after substituting for %, al, and bl to the appropri-
ate order of ~; then

‘=,*”@+%3+e”e+7m

( ‘?+4’2+%%3
+6B 12+ ~8(3

1 Q p+;:p+———
3op7 ~~B6+;&R] (27)

d-
8 B’+;fl

_P2~ ~~’+~ofl+ti
6’=9 +144 9

I+$:~+kj;~+gp%$;~ (28)

The changas in the expressions for the blade-motion
coeilicients arisingfrom the twistare:

[( )
A%=;Y q &b+;/J2~ +&w&&@’

I
(29)

*“’=*[@+:(+~+:~~)–i@] (30)

{ (Qi’+&’BjAb,=p+@ ~~ 30

( ) 1
“ ~B’+$&F +&Pmfl-:Vfl

—; 5 (31)

A&=*~{#(12+7~7–&: TP+:;B’180

+~$l?’+;&BJ
1

(32)

I
—/J2@ 8 2 ~pAb2=+~ @7+~7 ~ +&F

2472 ~
+;.p–Gy

1
(33)
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The air torque on the rotor blade is the sum of the
accelerating torque arisi~u from the lift elements and
the decelerating torque a.riskg from the drag elements.
It has been assumed tlmt the lift elements are zero
between z=B and z=]; it is thought reasonable,
however, to assume that the drag exists over the entire
blade. An average value of the blade-element drag
coefficient 6 will be used; this value is assumed con-
stant with respect to the angle of attack. The torque
Q, which must be zero by hypothesis, since the rotor is
in n state of steady rotation, is then -

UQ=Q=;. ,hd+ ,B&Q’R%L,2PC&

Js~: ~&d4 $ICQ2R%,2ti—.— (34)

This expression after substitution for d, CL, and p
integratw into

(I=+B’ 19 (1—~LL + A ~OC@+&P300+:OlB4+&P401
)

(35)

Equation (35) is rLquadratic in x with the coefficients
of the quadratic dependent upon p, ~, B, 130,81,and the
c and wcoefficients describing the periodic twist. The
evaluation of equation (35) requires the substitution of
known values of e and q in the expressionsfor an and b..
The scope of this study includes only the prediction of
the effect of n known twist upon rotor characteristics;
consequently, the solution of equation (35) is possible

(
when the drag term $U 1+K’—: 4# )

is known.

Examination of equations (17) and (35) shows that
the thrust and torque are expressed to the order p’ if
R and b~are expressed to the order pz, inasmuch as e%

and T. are of the order p“. This last condition has been
analytically proved but will not be included in this
paper; the analysis of the e and q coefficients of twist
will be the subject of another paper.

LIST OF SYMBOLS

R, blade radius.
b, number of blades.
c, blade chord, feet.
r, radius of blade element.
z, r/R.
O.,blade pitch angle at hub, radians.
01,difference between hub and tip pitch angles,

radians.
e=,coefficient of cos n+ in expression for e, radians,
w coefficimt of sin @ in expression for 0, radians.
“o, instantaneous pitch angle, radians.
& mean protik-drag coefficient of rotor-blade airfoil

section.
x, blade azimuth angle measured from down wind

in direction of rotation, radians.
V,rotor induced velocity.
$2,rotor angular velocity, d#@t, radians per second,

XQR,speed of axial flow through rotor.
@R, component of forward speed in plane of disk,

equal to V cos a where V is forward speed,
feet per second.

B, blade flapping angle, radians.
a., coefficient of 80s n+ in e.xpre43sionfor ~, radians.
b., coefficient of sin w in expression for B, radians.
11,mass moment of inertia of rotor blade about hor-

izontal hinge.
a, rotor angIe of attack, radians.

ikf=,thrust moment about horizontal hinge.
Mw, weight moment of blade about horizontal hinge,

UrQR)velocity component at blade element perpendic-
ular to blade span and parallel to rotor disk,

u&R, velocity component at blade element perpendic-
ular to blade span and to WA2R.

T, rotor thrust.

cr=P&

Q, rotor torque.

a, slope of curve of lift coefficient against angle of
attack of blade airfoil section, in radian
measure.

~= ~-l @
G

a,,blade-element angle of attack, radians.

y=%, maas constant of rotor blade.

B=l–&j factor alIowing for tip 10ss89,
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EXPERIMENT

Flight tests were made of a Kellett KD-1 autogiro
having the following characteristics:

Gross weight, W“------------ 2,100 pounds.
Rotor radius, R------------- 20.0 feet.
Number of blades, b--------- 3.
Blade chord, c-------------- 1.00 foot.
Blade weight, W*------------ 61.5 pounds.
Blade-weight moment, Mw.-- 482 pound-feet.
Blade moment of inertia, 11-- 175 slug-feet2

Rotor solidi~, u=~------- 0.0478.

Blade mw.s constant,

(sea level) y=~~-.-----.- 12.74.

Blade airfoil section--------- GtMingen 606.
Pitch setting, 00 (0,= 0)------ 0.0960 radian.
Airfoil section moment co-

efficient, ~~~.~ (about aero-
dynamic center) ---------- –0.056.

Blade chordwise center-of-
gra.vity location, CT (aft of
aerodynamic center) --- --- 0.038 foot.

‘“”mmmn

01

TFFR?Tw’
.~..,

40 60 80 100
True oir speed m.p.h.

FIGWEEI.–Rotor apwd androtorthrustcoailklentof KD-1 aukgiro as mwm’ed
ill alght.

The flight tests included the measurement of rotor speed
M a function of air speed (fig. 1) horn which, since the
cmtogiro had no fixed wing, the thrust coefficient cotid
be calculated. %mdtaneoua me=urements of the

>ladeflapping angle and twist were made with a motion-
picture camera mounted on and turning with the rotor
hub. The data for twist are shown in figure 2. The
happing-angle data are represented by the experimental

1“
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Tip-speed raf.b. P

FIQUEEZ–Blade twistcooflhhta ofKD-1 autogirorotnres mwmwl in Wit.

points of figure 3. Both the flapping angle and the
twist have been presented as the coe5cients G, b~, c=,
and q%of the expressionsused in the previous section to
represent s and 0.

The effect of periodic twist upon the thrust coefficient
CT was obtained by calculating the increment in CT
caused by the periodic twist and deducting the incre-
ment from the experimental value. The results are
shown in figure 4.

In order to check the derived expressions for the
effect of periodic twist upon the flapping motion, the
inflow factor A was calculated from the expression for
the thrust (equation (17)) in which A was the only
unknown; the calculation was made using the experi-
mental values of the periodic twist, and it was *O made
on the assumption that all c and ~ coefficients except go
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were zero. The two results are shown in figure 5.
These values of Xwere then used in equations (22), (23),
(24), (27), and (28) to calculate the blade flapping co-
efficients both with and without the effect of the’peri-
odic twist; these results are shown in figure 3, together
with the measured values of the blade-flapping-angle
coefficicmts. Since the measured vahm of the periodic
twist were obtained from targets placed at 3/4 R, they
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were multiplied by 4/3 before ins&tion in the equations.
The effect of the periodic twist in the torque equation

was estimated in the following manner: Know-n values
of ~ a-, L, en,q~,%, and 81were substituted in equation
“(35); the resultant expression was used to evaluate the

( )
remaining unknown term -& 1+Pa—$’ . The cal-

culation was then repeated &th the assumption that the
periodic twist “waszero and that Arather than the 3 th~

was unknown; the factora am, bs, 00, 61, and q were
wsigned the same values in both calculations. The
results of these calculations are shown in table 1.
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DISCUSSION

The influence of periodic blade twist on the rotor
characteristics is illustrated in figures, 3, 4, and 6.
The data,in figure 3 afford convincing proof not only of
the validity of the twist analysis but also of the effect of
periodic blade twist upon the rotor characteristics.
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The dots demonstrate that the type of twist developed
in this rotor has a pronounced influence on the coning
angle G and on the flapping aDgle~. The influence on
the lag angle & and on the second harmonics G and 6Z
is considerably smaller. The agreement between the
vrdues of a. and al calculated from the expressions
including the periodic twist and the experimental values
is quite good. The calculated values of the lag angle h
me in radical disagreement with experiment; this same
condition was encountered in previous work (reference
1) and has been pwtially explained. In the referenoe
it was shown that n vmiation of the rotor-induced
veloeity along the chord of the rotor diskhad an appreci-
able effect upon the vari@ion of 61with ~; an induced
velocity increasing from the leading edge to the trailing
edge increasea 61. Siuca thk type of asymmetry
exists (reference 2) and varies inversely in magnitude
with p, the evaluation of its irdluence upon bl would
improve the qualitative agreement between the calcu-
lated and measured values.

Figure 4 illustrate the magnitude of the periodio-
twist contribution to the thrust coefficient. A different
rwndtwas obtained in iigure 5 by show@ the difference
in the valuea of x oalculatid when the periodic twist was
considered and when it was neglected.

b table 1 the calculated influence of periodic twist
upon the torque equation and upon the resultant value
of x is shown tQbe the le@ in ma@itude of the effects
studied. The effect is not, however, small enough to be
neglected and would be an important factor if it were
extrapolated to higher tip-speed ratios.

TABLE I.—EFFECT OF PERIODIC BLADE
TWIST ON TORQUE EQUATION

I P

I
(ewrik)
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(d&kwi:h.
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.Ol?’1
. Olel

CONCLUSIONS

1.“The effect of periodic twist upon rotor-blade
flapping coefficients is satisfactorily predicted by this
analysis.
2. The influence of periodic twist upon rotor olmr-

aoteristiesas calculated from and checked with available
data is an important factor in rotor analysis and can be
adequately evaluated by the methods presented.

LMGLEY MEMO- AIMiOIJAUTICALLKSORATORY,
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